Abstract Biodiesel production from semi-refined oils (SRO) and waste frying oils (WFO) was studied using commercial CaO as heterogeneous catalyst. The methanolysis tests were carried out in mild reaction conditions (62°C, atmospheric pressure). With such conditions, SRO (soybean and rapeseed) allowed to produce a biodiesel containing 97-98 % of methyl esters (FAME), whereas WFO only provided 86-87 % of FAME. The lower FAME yield for WFO oil is ascribable to the partial neutralization of the catalyst by free fatty acids. Also, soaps formation from the WFO oil reduced the weight yield of the oil phase (containing FAME) obtained and increased the MONG content of the glycerin phase. The catalysts stability tests showed high stability even when WFO oil was processed. Catalytic tests performed with blends of WFO/semirefined oils showed blending as a good strategy to process low value raw oils with minor decay of the catalyst performance. Both WFO and semi-refined oils showed S-shape kinetics curves thus discarding significant differences of the reaction mechanisms.
Introduction
Biodiesel is pointed out as a feasible replacement fuel for diesel engines [1] . This renewable fuel is formed by a mixture of long chain fatty acids esters (usually methyl or ethyl esters) and can be produced from vegetable oils or animal fats [2] . However, the high production costs associated with the expensive high-quality virgin oils used as feedstocks is one of the problems that limit the use of biodiesel as a substitute for diesel [3, 4] . Therefore, the use of non-edible and low cost waste frying oils (WFO) as raw materials for biodiesel production is pointed out as a way to decrease biodiesel costs and also to solve several environmental problems [5] [6] [7] .
First generation biodiesel, which can be used pure or mixed with diesel without significant modifications of diesel engines, is produced by transesterification between a lipid and a low molecular weight alcohol (methanol or ethanol) in the presence of a catalyst. Several catalysts are referred in the literature to be active for biodiesel production [8] [9] [10] [11] [12] [13] [14] [15] . Nevertheless, nowadays only basic homogenous catalysts are used for large scale biodiesel production, but the use of heterogeneous catalysts present several advantages [16, 17] . From heterogeneous ones, CaO, a cheap and non-harmful for the environment material, is referred as a feasible heterogeneous catalyst for biodiesel production [18] . Natural Ca rich minerals can also be used as precursors of CaO catalysts [19] but these catalysts can also be produced from alimentary wastes, such as mollusk shells or boiler ash, by simple calcination [20] . The methanolysis reaction over CaO starts with the activation of methanol, forming surface methoxy species, by surface hydroxyl groups or other basic sites on the surface [21] . The use of WFO as raw material for biodiesel production may raise several problems related to the existence of unsaponitable compounds, FFA and water leading to the decrease of the FAME and mass yields [16, 22] . In fact, high moisture contents can lead to the hydrolysis of methyl esters, and water can adsorb competitively with methanol thus decreasing the number of active sites on the catalyst surface. Also, when basic catalysts are used, the soaps formed by reaction of the FFA with the catalyst hinder the efficient separation of the esters and glycerol phases, thus decreasing the global mass yield [23] . Therefore, when acidic oils are used as raw materials, acid catalysts must be used under more drastic reaction conditions (higher temperature and pressures) [17] . Nevertheless, the goal of this work is to study the possibility of using CaO as a heterogeneous catalyst in the transesterification of WFO. Besides the fact of being a cheap and abundant natural material, CaO was chosen as its performance can be improved by water, usually present in significant amounts in WFO. In fact, the formation Ca(OH) 2 increases the catalyst activity [24] .
Materials and methods

Characterization of the catalysts
The methanolysis tests were carried out over commercial CaO material. The morphology of fresh (dried overnight at 120°C) and post reaction samples were examined by SEM microscopy using a HITACHI S2400 scanning electron microscope with a RONTEC energy dispersive X-ray high vacuum detector (W filament, E = 25 kV) for elemental microanalysis.
X-ray diffraction patterns were recorded with a Rigaku Geigerflex diffractometer with Cu K a radiation at 40 kV and 40 mA (2°/min).
The infrared spectra of fresh and post reaction catalysts were collected using a reflection accessory (BOMEN FTLA200-100, ABB equipment). A horizontal total attenuated reflection accessory (HATR), from PIKE Technologies, with a ZnSe crystal was used. 64 scans were accumulated for each spectrum to obtain an acceptable signal-to-noise ratio.
To extract the maximum information from the FTIR spectra of the different catalysts, principal component analysis (PCA) [25, 26] was carried out using Matlab version 7.9 (MathWorks, Natick, MA) and the partial least squares (PLS) Toolbox version 3.0 (Eigenvector Research Inc-USA) for Matlab according to the description presented elsewhere [27, 28] . Briefly, PCA is a method of data compression that transforms a number of possibly correlated variables into a smaller number of non-correlated ones called principal components (PC). These components are linear combinations of original variables whereas the first PC captures the greatest possible variance of the original data. A PCA model decomposes the original data matrix (with m samples and n variables) into a product of two smaller matrices, designated as scores and loadings. The score matrix represent the projection of each sample into the new coordinate system and gives information about the similarity between samples, whereas the matrix of loadings represents the importance of each original variable in the new space of principal components [25] . The criteria for choosing the appropriate number of principal components used in this work was to consider only the PCs that lead to the capture of a cumulative variance of [90 % [27, 28] .
Catalytic tests
The transesterification reaction was carried out in a 500 mL round bottom reactor equipped with a condenser and a magnetic stirrer at methanol reflux temperature. Typically, 100 g of oil was transferred into the reactor and heated until the desired temperature was reached. Then the slurry containing the catalyst (5 % w cat /w oil ) and the methanol (12:1 molar ratio methanol/oil) was added and, except for the kinetic experiments, the reaction continues for 4 h. Afterwards, the catalyst was removed by vacuum filtration and the liquid mixture was transferred into a decantation funnel. After phases separation, the methyl ester layer was washed, centrifuged and dried at 80-90°C under vacuum (0.05 bar) with a rotary evaporator (RE-111, Büchi). More details on the catalytic tests procedure are given elsewhere [15] .
The methanol and the rapeseed and soybean oils were supplied by Iberol (Portugal), whereas the WFO was collected in local restaurants and supplied by MultiRecolha (Portugal). The contents of water and FFA of these oils are presented in Table 1 .
The FAME content of the purified diesel phases was assessed by near infrared spectroscopy [27] and was taken as the measure of the reaction progress. The acidity of all samples was determined by titration with KOH solution, whereas the water content was measured by Karl-Fisher titration [6] .
Results and discussion
Characterization of the catalysts
The morphology, examined by SEM, of the fresh and post reaction powders is displayed in Fig. 1 . The as received lime showed irregular crystallites, some of them spheroids \2 lm. The micrographs of the post reaction samples showed changes in the characteristic morphology probably due to calcium hydroxide and the formation of other Ca phases [24] . The XRD patterns of the fresh catalysts (Fig. 2) present the lines belonging to CaO (JCPDS 01-082-1690), whereas the diffractograms of the post reaction samples are mainly ascribable to calcium hydroxide (JCPDS 01-084-1274). All the characterized samples were slightly contaminated with calcite (JCPDS 00-001-0837).
According to literature [21] , methanol reacts with the O 2-and -OH on the lime surface forming methoxide species that are involved in the transesterification reaction. On the other hand, the glycerol formed during reaction can also react with CaO forming calcium diglyceroxide, and some authors report that this species has also a catalytic behavior in this reaction [19] . The formed surface species are not necessarily detected by bulk techniques such as XRD [16] .
The FTIR spectra of the fresh and post reaction catalyst used in the methanolysis reactions of waste frying and rapeseed oils are presented in Fig. 3 . To clarify the differences between the spectra, a PCA model was developed [25, 26] . This PCA Fig. 4 presents the score plot of PC2 versus PC1 for this model, as well as the loadings plots of the variables (in cm -1 ) in PC1 and PC2. As shown in the score plots, the two PCs allow distinguishing the fresh from the post-reaction catalysts and also the type of oil used as raw-material in the transesterification reaction. In fact, the catalysts used in the experiments carried out with WFO (as received and dried) or mixtures of waste frying and rapeseed oils are grouped together and were distinguished from the catalysts used in the tests with semi-refined oils. Fig. 4 also shows that the loading plots, which help to identify the variables that are more important to describe each PC, have significant peaks at around 3,640-3,660 and 1,568 and 1,427 cm -1 . The first zone corresponds to the vibrations of the O-H bond in methanol, water, glycerol or in Ca(OH) 2 present on the catalyst surface [29] (see also Fig. 3 ). The peaks in the PC1 loading plot at 1,568 and 1,427 cm -1 are in the region assigned by Granados et al. [28] to the chemisorption of the FAME molecules. The C-O vibrations of the carbonate species, which were also identified in X-ray diffraction, are also in this region of the spectra [29] . The peak at around 2,915-2,850 cm -1 , which was identified as significant for the information captured by both PCs, is attributed to the C-H asymmetric and symmetric stretching vibrations of the methylene groups of the alkyl chain of FAME, which is not obviously present in the fresh CaO sample. Catalytic tests Table 1 presents the main results of the methanolysis tests of waste frying and semirefined oils (WFO and SRO). As shown, a biodiesel containing 87 % of methyl esters can be produced from WFO over basic solid catalyst. Analogous FAME yields were obtained by Nair et al. [30] using CaO from mollusk shells as catalyst to produces biodiesel from WFO. Homogeneous catalyzed process (NaOH) gave similar methyl esters yield [6] . Only a minor decay of the catalyst performances was observed when data from WFO and RSO are compared. Yet, WFO can be processed blended with RSO to reduce this effect. This observation suggests the blending of semi-refined/WFO as a good strategy to decrease the costs associated to the raw-materials used in biodiesel.
In order to study the catalyst deactivation, the stability of the catalyst was assessed by using the same catalyst sample in consecutives reaction batches. No intermediate regeneration was performed. Data in Table 1 show no appreciable deactivation for SRO and WFO in three consecutive batches. However, when WFO was used, the reduction of the weight of the produced biodiesel phase and the loss of catalyst between consecutive batches were observed due to soaps formation. Fig. 5 displays the effect of the reaction time on the FAME content of biodiesel produced using rapeseed and WFO. The data confirm that the FAME yield is around 10 % lower when WFO are used. This result is ascribable to the partial neutralization of basic sites on the catalyst surface by the FFA of WFO. However, the effect of the higher content of FFA of the waste frying oil is similar at high and low FAME conversions. Furthermore, the kinetic curves are both S-shaped curves, thus indicating that both processes are heterogeneous catalyzed. Besides, both processes present similar induction periods that may be related to the formation of the methoxide species involved in the transesterification reaction. Comparable S-shape kinetic curves for biodiesel production from WFO over CaO catalysts (from snail shells) were reported by Birla et al. [31] but with a displacement towards higher reaction time due to the use of a lower catalyst weight (2 instead the 5 % used in the present work). The quality of the glycerine phases is also an important aspect associated with the economic viability of biodiesel production. Hence, the HATR-FTIR spectra of commercial glycerol and of the different dried (methanol and water removed) glycerine phases (Fig. 6) show no significant differences. A more accurate characterization by thermogravimetry showed measurable contamination of glycerin phases when different raw oils were used (Fig. 7) . Water and methanol, which are removed at lower temperatures than the thermal degradation temperature of pure glycerol, are the main contaminants of the sample obtained from WFO. Both WFO and SRO glycerins contained appreciable amounts of MONG [32] corresponding to weight losses at temperatures higher than 300°C (glycerol thermal decomposition).
Conclusions
CaO showed to be active for the transesterification of WFO allowing obtaining a methyl esters yield of 87 % after 4 h of reaction at 62°C using 5 % weight of catalyst and a molar ratio methanol to oil of 12:1. Furthermore, the catalyst maintained its activity for three consecutive batches without intermediate regeneration and the content of water in the WFO did not affect the FAME yield. When the WFO was used as raw-material, soap formation led to a more difficult separation of the biodiesel and glycerine phases. However, this problem did not occur when mixtures of WFO and rapeseed oil (50 % w/w) were used as raw material.
Kinetic studies performed using WFO and semi-refined rapeseed oils presented analogous S-shape curves showing that both oils were converted through similar reaction mechanisms. However, the partial neutralization of the catalyst by FFA, with consequent loss of activity, leads to high contamination of glycerin phase (higher MONG content). 
